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of Facu
osting by EAbstract This paper aims to investigate the effect of soil contamination by oil on the geotechnical
properties of the soil and evaluation of the feasibility of using electrochemical method for the treat-
ment of the contaminated soils. The properties of contaminated soil samples by different propor-
tions of lubricating oil were determined and compared with the properties of uncontaminated
soil samples to study the effect of oil contamination on soil properties. The results showed that
oil contamination caused deleterious effects on the basic geotechnical properties of the soil. Con-
taminated samples have been treated using electrochemical treatment method. The properties of
treated soil samples were determined and compared with the properties of contaminated and uncon-
taminated samples to determine the efﬁciency of electrochemical treatment method. The results
showed that geotechnical properties of treated soil samples are signiﬁcantly improved. The feasibil-
ity of using electrochemical treatment method has been prooved. Beside the ability of treating huge
amount of soil, the electrochemical treatment methods are characterized by high efﬁciency and eco-
logical safety.
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lsevier1. Introduction
Soil pollution by different oil products is a serious geo-envi-
ronmental problem that adversely affects the quality of soil,
groundwater and atmosphere. Oil spillage on land accounts
for the majority of hydrocarbon contamination of our planet.
When oil products accidentally spill over the ground surface, it
inﬁltrates through the unsaturated zone where part of it is re-
tained in this zone, while the other part reaches the water table
causing ground water pollution. Evaporation of the retained
part to the atmosphere pollutes the air, vegetation, and has a
deleterious effect on human beings. The common sources of
oil contaminants are oil exploration, transportation, produc-
tion and processing (see Tables 1 and 2). Soil contamination
by oil not only affects the environment but also has negative
affects on the safety of civil engineering structures [1–3].
Table 1 Sources of hydrocarbon contamination.
Use Typical contaminants
Garages Petrol, diesel and lubricating oil
Petrol station Petrol, kerosene and diesel
Oil storage sites Petrol, diesel, fuel oil and
lubricating oil
Timber yards and wharves Fuel oil, diesel
Table 2 Typical hydrocarbon contamination.
Contaminant Chemicals of concern
Petrol Carbon chain C4 to C10
Diesel Carbon chain C10 to C22
Lubricating oil Carbon chain > C25 naphthalene and anthracene
106 H.D. Al-Hamaiedh, O.N. MaaitahSulfates in oil contaminated soils attack the concrete while
hydrocarbons adversely affect the hydration of fresh concrete.
In oil contaminated sites excessive settlement of tanks, break-
age of pipelines, etc. are expected to take place [4]. Jordan ex-
ported all of its oil needs from the neighboring countries (Iraq,
Kuwait, KAS, etc.) by tankers, therefore, the accidental spill-
age of oil and consequent soil contamination are very com-
mon. In addition to highways, Garages, petrol stations, oil
storage sites are the common oil contaminated sites in Jordan
specially by lubricating oil. Unfortunately the treatment of oil
polluted soil is not adequately studied in Jordan. Many treat-
ment methods are mentioned in the literature which can be
used to treat oil contaminated soil, however, bio-remediation
and chemical oxidation are the most widely used methods
[5]. The efﬁciency of bio-remediation methods is affected by
a number of physical, chemical and environmental factors,
such as soil pore structure, aeration, toxic oil constituents
and nutrient availability, further, chemical oxidation processes
may offer a better solution for partial or even complete degra-
dation of the contaminants [6]. Electrochemical Treatment
Method (ECTM) is an advanced chemical oxidation process
which can be applied in a very effective way for water and soil
treatment from wastes which cannot be easily decomposed by
biological processes [7]. ECTM based on using electrochemical
and electro kinetic processes occurred in the soil under the ef-
fect of constant electric current. High efﬁciency, ecological
safety, and ability of treatment huge amount of soil are the
main advantages of ECTM. The objectives of this study are to:
 Investigate the effect of soil contamination by lubricating
oil on the geotechnical properties of the soil.
 Evaluate the treatment efﬁciency of ECTM.
2. Materials and methods
Electrochemical treatment of soil samples containing lubricat-
ing oil was carried out using an electro-osmotic cell shown in
Fig. 1. The cell consists of glass pipe of 100 mm in length
and 50 mm in internal diameter. The pipe connected from
one side with cathode compartment of volume 600 ml and with
an anode compartment of the same volume from the other
side. The anode compartment was ﬁlled with 0.01 N NaCl elec-trolyte solution and the cathode compartment was empty at
the beginning. Soil sample with known amount of lubricating
oil was placed inside the pipe. The sample was prepared by
mixing the soil with water and adding the required amount
of oil to get oil to soil mass ratio of 5%. A set of two nylon
meshes with a ﬁlter paper in between was used as a membrane
in each of the electrode compartments to separate the soil from
the electrolyte solution. Graphite rods (6.15 mm in diameter)
were utilized as electrodes and a series of 5 rods were held at
each compartment near the central cylinder, right behind the
membranes in each of the electrodes compartments. The elec-
trodes were connected to a 12 V DC power supply and small
values of electric current (1–4) mA and voltage (15–20) V/cm
were applied. All tests were run for 14 to 16 days. At the end
of each test, the soil sample was removed from the cell and
sliced into sections. After air-drying, the soil samples were
sieved for <2 mm and stored at 20 C until time of analysis.
Then the soil was analyzed for oil and water content in addi-
tion to pH value, Figs. 2 and 3. Water content was measured
by simple weighting before and after drying at (103–105) C,
pH was measured in 2:1 (wt./vol.) soil/water mixture using
electrode pH meter [8,9], oil content was determined by dichro-
mate oxidation [10].
Contaminated and uncontaminated soil samples were ana-
lyzed for index properties (i.e. Atterberg limits, compaction,
unconﬁned compression, and direct shear test) and classiﬁed
according to the Uniﬁed Soil Classiﬁcation System (USCS).
Soil samples fall under CL class according to the (USCS), with
ﬁne fractions varying between 48% and 52%. The properties
of both contaminated soil samples with different mass ratios
of lubricating oil (3%, 5% and 10%) and uncontaminated
samples were determined to study the effect of pollution by
lubricating oil on some soil properties. Atterberg limits and
strength parameters for the treated soil samples were deter-
mined after curing the samples at room temperature for seven
days. Three samples were tested from each batch and the re-
sults are expressed as a mean value.3. Result and discussion
Monitoring the inﬂuent and efﬂuent pH values during the elec-
tro-osmosis experiments showed that the pH value at the
anode (inﬂuent) decreased to approximately (1–3) and in-
creased up to (11–12) for efﬂuent at the (cathode). The de-
crease and increase of the pH value at the anode and the
cathode occurred due to the production of hydrogen ions
(H+) at the anode and (OH) at the cathode as a result of
water oxidation and reduction. The pH value at the middle
of the sample was around 7.0. Figs. 2 and 3 present the water
and oil content, respectively, versus the normalized distance
from the anode. Results prooved that a high contaminant re-
moval efﬁciency was achieved at the cathode side comparing
with the anode side. The amount of residual contaminants at
the anode side was estimated to be four times the contaminant
amount at the cathode side. The removal efﬁciency at the cath-
ode side reached (70–80)% and the overall removal efﬁciency
reached (30–50)%. The soil moisture content which was uni-
form before the treatment and equals to about (18.2)% in-
creased from the anode toward the cathode after the
electrochemical treatment, it was 8% at the anode and
25.2% at the cathode side. All tests were run for 14 to 16 days
Figure 2 Soil water content before and after electrochemical
treatment. Figure 3 Oil content in soil sample before and after electro-
chemical treatment.
Figure 1 Schematic diagram of the electro-osmosis laboratory apparatus.
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fected by the ﬂuid velocity through the soil. The oil distribu-
tion obtained in the soil core indicates that the contaminant
movement is not uniform throughout the domain and accumu-
lates near the cathode. This could be used as a tool to concen-
trate the pollutants in a speciﬁc area between the electrodes for
subsequent removal. The lubricating oil contamination has
caused signiﬁcant changes in the Atterberg limits as illustrated
in Table 3. This has been indicated by conspicuous increase in
liquid limit (up to 20%), plastic limit (up to 24%) and increase
in plasticity index (up to 18%). Treating oil contaminated soilsamples by ECTM improved the Atterberg limits. Treating soil
of different percentages 3%, 5%, and 10% of contaminated oil
resulted in the decrease of liquid limit, plastic limit and plastic-
ity index (Fig. 4 and Table 3). The best results were obtained at
3% and then at 5% of soil sample that was contaminated by
oil. The differences in Atterberg limits (especially at 3% and
5% of additive lubricating oil) between treated, polluted soil
and the original soil (uncontaminated soil) can be due to
repeatability test. Meanwhile, this is not the case at 10% of
additive oil. Similarly, oil contamination resulted in lowering
Figure 4 Comparison between treated and polluted plasticity.
108 H.D. Al-Hamaiedh, O.N. Maaitahthe cdmax and OMC also (see Table 4). Oil contaminations af-
fect the compaction characteristics of the soil. Furthermore,
the improvement in Atterberg limits contributed to the
improvement of OMC and cdmax and hence the strength
parameters [11] Improvement of both Atterberg limits and
OMC cdmax is similar to that of the uncontaminated soil.
The efﬁciency of ECTM in treating contamination decreases
as the percent of contamination increases. The unconﬁned
compressive strength (UCS) of the oil contaminated soil was
lower than that of the fresh or uncontaminated soil (60 kPa).
Addition of 3%, 5% and 10% of the oil resulted in marked de-Table 3 Atterberg limits of uncontaminated, contaminated soils an
Percent of additive
lub. oil (%)
Treated Polluted
Liquid limit
0 39 39
3 40.5 46
7 41 47.15
10 42 48.3
Plastic limit
0 17.4 17.4
3 18.1 21.7
7 18.5 22.2
10 18.7 23.1
Plasticity index
0 21.6 21.6
3 21.8 22.8
7 22.5 24.9
10 23.9 26.5
Table 4 Compaction test results of uncontaminated, contaminated
Percent of additive
lub. oil (%)
Maximum dry density
Treated Polluted
0 17.5 17.5
3 17.3 17
7 17 16.5
10 16.5 16
OMC
0 0.1648 0.1648
3 0.14 0.145
7 0.125 0.14
10 0.12 0.13crease in UCS (Table 5 and Fig. 5). The decrease in UCS var-
ied from 100% to 200% by 3%, 5% and 10% addition of
lubricating oil. The strength of soil was improved by ECTM
by which the difference decreases to 13%, 20% and 33% as
shown in Table 5. Excessive compressibility and reduction in
shearing strength are some of the other adverse effects of
hydrocarbon contamination in soils [12,2]. The general proce-
dures involved in treating such oil contaminated soils are either
by leaching [13] evaporation [14] stabilization [2] or bio-reme-
diation. The angle of internal friction and cohesion of the
uncontaminated soil was 18 and 58 kPa, respectively. Contam-
ination of oil in this soil had caused a reduction in both
cohesion and angle of internal friction. Normalized variations
of internal friction angle 100  ð1 /0original soil=ð/0polluted soilÞÞ
and cohesion (100(1  Coriginal soil/(Cpolluted soil)) with different
percentage of additives were evaluated (Table 5 and Figs. 6
and 7). The contaminated soil has been treated with ECTM
which resulted in an increase in the angle of inter-
nal friction 100 ð1 /0original soil=ð/0treated soilÞÞ and cohesion
(100(1  Coriginal soil/(Ctreated soil)) as shown in Table 5 and
Figs. 6 and 7. This quantum of increase in angle of internal
friction and cohesion had been achieved in the treatment by
using ECTM. Although the soil properties has signiﬁcantly im-
proved at 3% and 5% of additives, this is not the case at
10%.The ECTM improves the soil properties (LL, PL, PI,d treated soil by ECTM for undistributed samples.
Diﬀerent between treated
and original soil (%)
Diﬀ. between polluted
and original soil (%)
0 0
2.5 15.2
4.8 17.2
7.14 19.2
0 0
3.7 19.8
5.8 21.5
9.6 24.7
0 0
1 5.6
4.1 13.5
9.7 18.8
and treated soil samples by ECTM for undistributed samples.
Diﬀ. between treated and
original soil (%)
Diﬀ. between polluted and
original soil (%)
0 0
1.1 2.9
2.94 4.1
6 9.3
0 0
13.6 17.7
17.7 31.8
26.7 37.3
Table 5 Saturated shear strength test results of uncontaminated, contaminated and treated soil by ECTM for undistributed samples.
Percent of additive
lub. oil (%)
UCS (kPa) Diﬀ. between treated and
original soil (%)
Diﬀ. between polluted and
original soil (%)
Treated Polluted
0 60 60 0 0
3 53 30 13.2 100
7 50 25 20 140
10 45 20 33.3 200
Cohesion (kPa)
0 58 58 0 0
3 55 49 5.4 18.3
7 51 42 13.7 38.1
10 47 38 23.4 52.6
/0 (deg.)
0 18 18 0 0
3 17 16 5.8 12.5
7 16 14 12.5 28.5
10 15 13 20 38.4
Figure 5 Comparison between treated and polluted compression
shear strength.
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Treatment of oil polluted soil using electrochemical method 109C, UCS, cohesion and friction angle) as illustrated in Tables 3–
5 and Figs. 4–7. It is clear that as the percent of additive lubri-
cating oil increases the differences between the original soil
parameters and the polluted soil parameters increase and for
the treated lubricating oil. The rate of recovery as the soil
treated by ECTM reduces as the percent of additive lubricating
oil increases. This means that the efﬁciency of ECTM reduces
as the percent of pollution increases. The inﬂuence of oil on
shear strength parameters is very high. This can be attributed
to an increase in the sliding between the soil particles owing to
the oil.4. Conclusion
The soil ﬂuid interaction of a non-polar ﬂuid such as lubricat-
ing oil may inﬁltrate into an unsaturated ﬁne or coarse soil
grain containing some clay would mainly be of a capillary nat-
ure. In a pore where only capillarity is involved, the conﬁgura-
tion of the system oil–water–air can be imagined. In soil, the
stability of this conﬁguration is likely to be reinforced by the
water meniscus (water in a state of tension). The inﬁltration
of oil induces a release of suction, which may have some
mechanical consequences. However, at high densities and de-
grees of saturation, compacted samples inundated by light
hydrocarbon air are being trapped between the water and
the oil. Oil contamination of soil causes adverse effects on
the basic geotechnical properties of soil. In this work, the oil
contamination of CL type soil depicted an increase in Atter-
berg Limits and a decrease in UCS, cohesion, and angle of
internal friction. Effect of the oil contamination and increase
in Atterberg limits of the contaminated soil can be attributed
to an increase in double layer thickness of clay minerals, such
as kaolin, chlorite and illite [15–17] It is apparent from Table 3
that the contaminated soil exhibits a wide range of liquid limits
(41–46%), a phenomenon that can be attributed to inhomoge-
neous distribution of non-polar liquid (fuel oil) in soil. The
110 H.D. Al-Hamaiedh, O.N. MaaitahAtterberg limits show a good improvement after treatment.
The cohesion, angle of internal friction and UCS of the con-
taminated soil also showed a marked improvement after treat-
ment. The results of the conducted experiments of ECTM
showed that the method is of high efﬁciency in oil removal
from polluted clay soils. The practical and geo-environmental
importance of this research is that the obtained results showed
that the method can be used for in situ soil treatment from oil.
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